cathode was discharged to 0.3 V vs. Ag/AgCl at the current of 30 mA g 1 and held at the potential for 1 hour.
Materials characterization
The chemical structure of PNDIE was characterized by Fourier transform-infrared spectroscopy (FT-IR) through a Thermo Scientific Spectrometer (Nicolet iS5). Phase identification of as-prepared CuHCF and calciated Ca x CuHCF powders were determined by high-energy X-ray diffraction (HRXRD) at Beamline 11-ID-C at APS. The morphology and microstructure of the as-synthesized powders were characterized by scanning electron microscopy (SEM, Gemini LEO 1525 microscopy). Combining thermogravimetric analysis (TA Instruments Q50) and Energy-dispersive X-ray (EDX) measurement has been used to obtain the chemical formula of CuHCF electrodes. First, we rely on EDX to determine the K:Cu:Fe ratio, which is found to be 0.02:1:0.66 and we derive the formula as The X-ray absorption near edge structure (XANES) of the Fe K-edge and Cu K-edgy was measured in the transmission mode on the bending-magnet beamline of the Advanced Photon Source (APS, 20-BM-B). The incident beam was monochromatized using a Si(111) fixedexit, double-crystal monochromator. Ex-situ samples at different states of charge were sealed in a Kapton tube. XANES data were processed following standard methods using the ATHENA software package.
Electrochemical characterization
The anode electrodes were prepared by pressing a paste made by mixing PNDIE powder, Super-p carbon black, and polytetrafluoroethylene in a weight ratio of 6:3:1 on the SS mesh current collectors followed by drying at 50°C. To prepare cathode electrodes, a mixture of CuHCF nano-powder, Super-P carbon black, graphite powder, and polyvinylidene fluoride (PVDF) (weigh ratio 75:10:5:10) was ground by hand, creating a homogeneously mixed powder. A slurry containing this powder mixture and 1-methyl-2-pyrrolidinone (NMP) was spread on Ti foil as the current collectors since it has a high overpotential for oxygen evolution reaction. [3] The electrodes were dried in air at 100 °C. The electrochemical investigation on the cathode and anode electrodes were performed in the three-electrode halfcell configuration using activated carbon as the counter electrode, Ag/AgCl as the reference electrode, and 2. Figure   4a ). Samples A-D were prepared by galvanostatic charging the Ca x CuHCF electrodes to a specified state-of-charge (SOC) at C/2, and samples E-F, the Ca x CuHCF electrodes were first charged to 1.05 V versus Ag/AgCl and then discharged to a specified depth-of-discharge (DOD) at C/2, which all followed by a 15 min relaxation at zero current. Then, all samples were washed with deionized water followed by drying in 70 C prior to EDX measurement. A SEM EDX point scan was then used to quantify the Ca, K, Cu, and Fe concentrations for all samples in each of which three points were selected for quantitative elemental analysis. The detailed Ca/Cu, K/Cu, and Fe/Cu ratios for all the selected points in samples A-F are summarized in Table S2 .
Electrolytic conductivity measurements
Electrolytic conductivity (κ) of the electrolytes was measured with a Thermo Scientific™ Orion Star™ A215 pH/Conductivity meter at room temperature. The conductivity cells consisted of a pair of platinum−iridium electrodes and a Pyrex cell body. The cell constants of a nominal value of 0.1 cm −1 were calibrated with two standard NaCl solutions of 12.9 and 1413 mS cm −1 nominal values. Table S1 . Properties of some elements: radius of the corresponding ion, hydrated ionic radius, [4] apparent dynamic hydration number, [5] standard reduction potential, polarization strength, electrochemical capacity, density and abundance in crustal rocks. [ Polarization strength (P) is calculated as P = q r 2 , where q is the charge number of the cation and r is the ion radius. [6] High coulombic efficiency of 99% with a reversible capacity of 153 mAh g 1 at a low current rate (C/2) verifies the chemical stability of PNDIE which is the result of the passivating behavior of PNDIE providing a large overpotential for hydrogen evolution reaction (HER). The high HER overpotential suppresses the locally increasing in pH on the PNDIE surface and improves its stability. [14] Figure S4. Kinetic study of PNDIE electrode in 2.5 M Ca(NO 3 ) 2 electrolyte. a) Cyclicvoltammetric response of PNDIE electrode to different sweep rates (). b) corresponding logi p versus log. The peak current density and peak potential separation gradually increased as the scan rate increased but the CV curve showed an quasi-reversible behavior of PNDIE electrode at all scan rates. The relationship between the current density and scanning rate can be expressed as i p =a b , where i p is the peak current (A) and  is the sweep rate (mV s 1 ), and a and b are constants. The b value of 0.5 generally indicates a diffusion controlled processes, while a value of 1.0 suggests that the reaction is a surface/adsorption charge-transfer process. [15] The b values for cathodic and anodic peaks are fitted as 0.85 and 0.80, respectively, indicating an interplay between surface-and diffusion-controlled reactions but predominantly a surface one. Figure S11. The galvanostatic charge-discharge of PNDIECa 0.3 CuHCF battery measured at a low current rate of C/5 (9 mA g 1 ) (the capacity of the battery and current density were calculated based on the weight of PNDIE plus Ca x CuHCF. The cutoff voltage is 0.551.6 V). 
